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r’unet  Lon-Determining  Characteristic  Yariab  les  1‘or 
Determination  of  the  Damage  Limit  in  the  Example 
of  KaJial  Wave  Caskets  U.  Voigt 

According  to  TGL  80-222?8  [l],  +he  damage  limit  is  defined 

as  a characteristic  value  to  distinguish  serviceability  and 
damage,  wherein  serviceability  is  understood  as  the  capacity 
to  perform  a predetermined  function  within  acceptable  limits 
of  quality  and  economy. 

For  investigation  of  the  serviceability  and  for  determina- 
tion of  damage  limits,  the  value  of  the  radial  force  at  a 
nominal  diameter,  reported  in  the  gasket  industry,  the  spring 
washer  constants  used,  and  knowledge  of  the  geometry  of  the 
packing  washer  are  not  sufficient,  but  the  entire  viscoelastic 
condition  of  the  packing  configuration  (packing  washer,  shaft 
and  spring  washer)  must  be  characterized.  In  the  process, 
such  characteristic  variables  of  the  packing  configuration 
should  be  chosen,  as  are  easily  accessible  to  the  measurement 
technology  and  provide  a direct  indication  of  the  fulfillment 
of  the  gasket's  function.  The  methods  of  investigating  the 
function-determining  values  must  additionally  be  applicable  to 
the  development  of  suitable  gasket  configurations  and  for  a 
quality  control  system  for  mass  production. 

Through  controlled  experimentation  and  modelling  treatments, 
the  following  characteristic  values  have  been  derived  for  radial 
wave  gaskets : 

I Function-determining  characteristic  values  from  the  radial 
elastic  expansion  of  the  relieved  gasket  surface  after  the 
wave  recedes  from  the  gasket  ring  (Figure  1) 

1.  The  spontaneous  elastic  recovery  coefficient  ye>  or  the 

relationship  of  the  elastic  deformation  component  to  the  total 

deformation  Y ; v reflects  the  difference  between  the  wave 
o o 

radius  and  the  packing  washer  radius. 

2.  The  deformation  coefficient  £ : If  the  relief  deformation 

TGC  i 

component  yg  is  not  determined  at  t=0,  but,  for  example,  over 
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15  minutes,  a deformation  coefficient  £ is  derived 

rec. 

according  to  the  following  formula: 

£rec . = dl~do//dl  ‘10°  M ’ where  (!) 

dQ  = packing  washer  diameter  after  recovery  (measurement 

over  15  min.)  and 

d^  = wave  diameter. 

3.  Retardation  time  1*  is  the  time  required  for  the  deformation 
to  approach  the  final  value  in  response  to  the  elastic 
aftereffects  on  the  elastic  portion  of  vr» 

The  motion  of  recovery  after  sudden  separation  of  the 
coupling  (t~0)  can  be  recorded  by  a film  camera  capable  of 
about  100  exposures  per  second.  By  simultaneously  filming  a 
fixed  reference  axle  for  the  packing  washer  at  a known 
difference  between  wave  and  packing  washer  diameters,  the 
deformation  coefficients  and  yr  can  be  determined  simply 
from  measurement  of  lengths  in  the  projection  of  the  developed 
films.  The  retardation  time  T*  is  established  by  projecting 
the  tangent  to  the  curve  of  the  elastic  aftereffect  and 
determining  the  point  of  intersection  with  the  time  axis. 

II  Function-determining  characteristic  values  from  the  radial 
force/deformation  relationship  at  a constant  radial  velocity 
of  deformation 

In  a manner  analogous  to  the  motion  of  recovery,  the 
packing  washer  configuration  is  related  to  the  measurement  of 
radial  forces  if  there  is  an  expansion  at  t*0  equal  to  the 
elastic  deformation  component, and  the  subsequent  extension 
proceeds  exponentially.  This  elastic  motion  can  be  represented 
by  a 3-parameter  viscoelastic  model,  consisting  of  a series 
conjunction  of  a spring  with  a Voigt  model.  The  use  of  this 
mechanical  oscillator  representation  of  the  differential 
equation  describing  the  packing  washer  configuration: 

•K 
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yields,  as  the  differential  equation  of  the  packing  washer  model 
with  deformation  at  a constant  radial  velocity  vq  : 

0 “Y  ( ) * SM 


= g 

dt  *1 


The  general  solution  of  this  differential  equation  (5) 

with  t=6*r  . /v  substituted  as  the  time  of  trial  yields  the 
min  o 

radial  pressure/extension  behavior  of  the  packing  washer  model: 


o (Y)  = EM*y  +(Et  - 


which  is  proportional  to  the  radial  force/deformation  behavior 
of  the  radial  wave  ring  gasket  (3).  The  curve  of  equation  (6) 
is  graphically  represented  in  Figure  2,  and  shows  that  the 
radial  force/deflection  curve  is  dependent  on  the  radial 
velocity  of  deformation  vQ.  At  large  trial  times  and  low 
deformation  velocity,  the  damping  of  the  packing  washer 
construction  does  not  come  into  effect.  According  to  the  model, 
a constant  pressure  value  a=EM*Y  arises.  Relief  occurs  as 
described  due  to  hysteresis.  The  following  function-determining 
characteristic  values  result  from  this  relationship  as  a model 
of  the  packing  washer  configuration: 

1.  Radial  f orce/def ormation  curve  and  its  slope  (so-called 
ring  gasket  characteristic  curve) 

The  slope  is  derived  by  differentiating  the  pressure/ 
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extension  curve  (equation  6)  with  respect  to  the  extension  y. 
This  value  is  proportional  to  the  slope  of  the  radial  force/ 
deformation  curve,  designated  k (Figure  J) . 

In  recording  the  ring  gasket  characteristic  curve,  it  is 
to  be  noted  that  it  is  dependent  on  the  radial  propagation 
velocity . 

2.  From  the  radial  force/deformation  curve,  the  single  radial 
force  value  at  a nominal  diameter  presently  given  by  the  ring 
gasket  industry  can  also  be  derived. 


3.  The  surface  area  of  the  hysteresis  loop  represented  in 
Figure  2 is  a measure  of  the  damping  in  the  packing  washer 
configuration.  An  elastic  efficiency  coefficient  in  % can  be 
derived /ale,the  quotient  between  the  work  expended  in  expansion 
and  the  work  released  in  the  recovery,  multiplied  by  100: 


WR 

%i  = • 100  M ’ 

where  WA  = the  work  expended  in  loading  and  WR 
released  in  relief. 


(9) 

= the  work 


* 

4.  Further,  a so-called  radial  effective  spring  constant  RM  can 
be  derived  as  a characteristic  value  for  the  packing  washer 
configuration.  It  can  be  determined  by  static  measurement  of 
the  specific  radial  force  by  the  formula  below,  where  the 
deformation  y is  to  be  entered  in  dimensionless  form:  y=Ar/r. 


For  the  seal  gap  width,  if  this  is  not  accessible  to  the 

measurement  technology,  the  sleeve  width  b.  can  be  entered  as 

* 

the  model  width.  The  effective  spring  constant  E^  of  the 
packing  washer  configuration  is  then  the  quotient  between  the 
specific  radial  force  q and  the  product  of  the  dimensionless 
deformation  y and  the  model  width  b^ : 
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* Q 

F = — 

M *b. 


Thus  for  the  investigation  of  radially-acting  elastic 
ring  gaskets,  seven  characteristic  values  are  available: 

-elastic  recovery  coefficient  yg 

-deformation  component  Crec  in  measurements  during  15  minutes 
-retardation  time  T* 

-radial  force/deformation  curve  and  its  slope  (ring  gasket 
characteristic  curve  and  spring  constant) 

-radial  force  at  a nominal  diameter 

-area  of  the  hysteresis  loop  or  elastic  efficiency  coefficient 

^el  * 

-effective  spring  constant  E^. 

Evaluation  of  the  individual  characteristic  values  is  to 
be  made  in  particular  on  the  basis  of  their  ability  to  give 
information  concerning  fulfillment  of  the  sealing  function  and 
the  expense  of  the  measurement  technology  of  their  determination. 
In  the  case  of  gasket  assemblies  for  which  knowledge  of  the 
friction  loss  is  required,  or  the  case  of  gasket  assemblies 
sealing  against  pressure,  the  radial  f orce/def ormation  curves 
are  of  interest.  In  certain  oscillation  problems,  on  the 
other  hand,  recording  the  motion  of  recovery  can  be  of  advantage 
for  the  most  precise  estimation  of  the  elastic  conditions. 

In  the  treatment  of  the  damage  limit  problem,  the 
deformation  component  after  recovery  £ , for  example,  was 

determined  as  a function  of  the  aging  time  in  an  oil  bath  at 
t=80°  C according  to  equation  (1),  and  the  development  of  the 
ring  gasket  characteristic  curves  was  determined  for  six 
RWD  ?0  x 100  x 10  ring  gaskets  with  a running  time  of  over 
5^00  hours  duration  [3]« 
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The  results  are  shown  in  Figures  4 and  5«  The 
deformation  component  Srec  and  with  it  the  elastic  condition 
decline  as  a logarithmic  function  of  the  period  of  aging  in 
the  oil  bath.  The  same  result,  which  is  primarily  due  to  the 
WS  1.018  material,  is  revealed  in  the  characteristic  curve 
field  of  Figure  5.  in  which  the  packing  washer  configuration 
stiffens  as  a function  of  changes  due  to  the  running  time, 
as  is  revealed  in  the  radial  force  gradient  at  a nominal 
diameter  by  an  increase  in  the  gradient  of  the  spring  constant 
at  the  beginning  of  the  expansion,  and  by  cracking  in  the 
perimeter  of  the  packing  washer  after  5400  hours  running  time. 

These  experimental  results  show  in  particular  that  the 
ring  gasket  characteristic  curve  determined  by  the  core 
measurement  principle  is  well  suited  for  a quality  control 
system  for  mass  production. 

Besides  these  function-determining  characteristic  values, 
the  following  are  to  be  added  for  radially-acting  viscoelastic 
wave  gaskets:  The  relaxation  time  T,  as  the  time  for  the 

radial  pressure  or  radial  force  to  be  reduced  to  the  elastic 
portion  of  the  total  pressure  or  force.  From  the  dynamic 
relationship  of  the  gasket  assembly  are  derived  the  phase 
shift  angle  a between  the  initiation  of  deformation  by  the 
excentrically  travelling  wave  and  the  radial  pressure  in  the 
packing  configuration,  the  area  of  the  dynamic  hysteresis  loop 
and  the  dynamic  spring  constant.  These  characteristic  values 
are  also  theoretically  derived  and  experimentally  investigated 
in  the  dissertation  of  reference  [3]  "Methods  to  determine 
damage  limits  in  radial  wave  gaskets."  However,  based  on  the 
present  state  of  the  measurement  technology,  they  are  at  present 
meaningful  only  for  research  and  development. 


Symbols  List 


Symbol  Units 

Weaning 

bl 

mm 

Model  width  (sleeve  width) 

d 

mm 

Wave  diameter 

do 

mm 

Packing  washer  diameter  after  recovery 

dl 

mm 

Core  bar  diameter 

E-  , E- 

kp/  cm2 

Elasticity  module  of  the  3-parameter  model 

kp/ cm2 

Effective  elasticity  module  of  the  3-parameter 
model 

em 

kp/cm2 

Effective  spring  constant  of  the  packing  washer 
configuration 

fr 

kp 

Total  radial  force  of  the  ring  gasket 

q 

kp/cm 

Specific  radial  force 

k 

kp/mm 

Slope  of  the  radial  f orce/def ormation  curve 
(Spring  constant  of  the  ring  gasket) 

N 

Sample  size 

r 

mm 

Wave  radius 

V 

0 

cm/s 

Deformation  velocity 

bA 

h 

Modifying  hours  in  oil  bath 

i 

Deformation  (expansion) 

Yo 

mm 

Total  packing  washer  deformation  (difference 
between  packing  washer  and  wave  radii) 

Ye 

mm 

Ideal  elastic  packing  washer  deformation 

Yr 

mm 

Deformation  corresponding  to  elastic  aftereffect 

^rec 

% 

Deformation  component  after  recovery 

“*}  el 

% 

Elastic  efficiency  coefficient  of  the  packing 
washer  configuration 

d 

kp/ cm2 

Radial  pressure  of  the  packing  washer 

T* 

s 

Relaxation  time  of  the  packing  washer  configurat 

T' 

s 

Retardation  time  of  the  packing  washer 
configuration 

A 

*• 
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Ye  elastic  deformation  component 


Y deformation  component  due  to  elastic 


aftereffect 


Y total  deformation  (difference  between 
0 wave  and  packing  washer  radii ) 


~er 


Figure  1:  Motion  of  recovery  of  the  packing  washer  of  an 
RWD  ?0  x 100  x 10  WS  1.018 


The  differential  equation  of  the 


packing  washer  calculated  with  dy_d  , x _d  <Ar  Y o 

dt  dm  ' dt  m . / r . 

mm  mm 

yields  the  pressure/extension  relationship  where 


vq  is  constants  6 (y  ^E^y  + ^-E^T  •- 


where : trial  time  t=- 


JM 
Y-r. 


o -t/T 
. e ' 


'mm 


mm 


relaxation  time  T = 


* ^el 


ei+e3 


r . -exit  radius  of  the 
mm 


Figure 


core  at  t=0  in  the  region  of  the  nominal  diameter 
radial  velocity  of  deformation  of  the  packing 

q 


Ar 


washer:  vo=— . area  of  the  hysteresis  loop:  A_ 


2:  Pressure/deformation  relationship  of  the  packing  washer 
model 


v =const. 
o 


= En*(El-£n).e-t/T* 


(7) 


V< 


PFr 

Iddi 

|Ad  v = const. 
’ 0 

|dy| 

v =const. 
o 


Figure  3:  Proportionality  relation  between  the  spring  constant 
k and  dc^/dy 
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RWD  70  x 100  x 10  WS  1.018 


tc  dQ-diameter  after  recovery 


Altering  medium:  125  oil  80  C W:  d-.  ?-core  bar  diameter 


O Packing  washer  temp:  20  C 
Determination  of  &rec  during 
15  min.  recovery 
( ' Determining  equation: 


_dl . 2~d 


- >100  [ 


I ruin 
2 m in  - nu 

••  NtMVy  w »• 


Figure  4:  Deformation  component  after  recovery 

£rec  as  a function  of  the  altering  time  t^ 
Key  is  illegibl  ; 


tmttms if  j, 1 

r,  • • At 


Figure  Field  of  characteristic  curves  of  the  long  term 
experiment  RWD  70  x 100  x 10  WS  1.018 
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